Introduction
Natural oxygenated monocarbocyclic terpenoids are not very common because biosynthetic processes usually involve polycyclization. These compounds have a bicyclic ether fragment, e.g. farnesiferol C (1) 1 or a cyclohexanol moiety, e.g. achilleol A (2) 2 and farnesiferol B (3) and D (4) . 1 During the last few years the isolation of several monocarbocyclic compounds, such as 5, 7, 8 3, 4 and elegansidiol (6), 5 have been reported, which suggests that they could be more prevalent than it was presumed. Several procedures have been described to create the bicyclic system of 1. Mukaiyama et al. used a Diels±Alder asymmetric reaction to prepare (1)-farnesiferol C. 6 More recently, Demnitz et al. reported the formation of the 7-oxabicyclo[2.2.1]heptane ring system through an unexpected rearrangement in the Baeyer±Villiger oxidation of trans-3b-hydroxy-4,4,10b-trimethyl-9-decalone. 7 The present authors have reported the preparation of the same bicyclic ether system by selective electrophilic cyclization of 6,7-epoxygeranyl acetate (9) ; as well as the obtention of cyclohexanol type structures, such as elegansidiol (6) , by the Lewis acid-mediated opening of the bicyclic ether. 5, 8 In this paper the synthesis of 5, 7 and 8, natural sesquiterpenes isolated from Artemisia species, 3, 4 and elegansidiol (6), a constituent from Santolina elegans, 5 via selective electrophilic cyclization of 6,7-epoxygeranyl acetate (9) is reported.
Results and Discussion
Two alternative routes to prepare the methylketone 22, precursor of 5, from the tosyl derivative 10, which can be easily synthesised from 9, 8 were proposed. In the ®rst the side chain carbons are sequentially introduced (1C12C), using cyanide and acetylide ions as synthons. In the second route these carbons are simultaneously introduced through an allyl halide (Scheme 1)
Heating of tosyl derivative 10 with KCN in DMSO yielded the nitrile 11, which was reduced to the aldehyde 12 by treating with DIBAL at 2808C in toluene under argon. Further treatment with NaBH 4 afforded the alcohol 13, which after treating with TsCl and LiBr gave the bromide 14. The internal alkyne 15, instead of the terminal one, was obtained when 14 was treated with lithium ethynyl±ethyl-enediamine complex (Scheme 2).
1 H NMR of 15 shows a triplet (J2.5 Hz) at d 1.74 due to the Me±C 3 . The quaternary carbons of the acetylenic group appears at d 75.8 and 79.5 in the 13 C NMR spectrum. Rearrangement of carbon± carbon triple bond from the C 3 ±C 4 to the C 2 ±C 3 position under basic conditions is a known process. 9 15 could be converted into the methylketone 22 by regioselective hydroboration using bulky reagents.
The second route in Scheme 1 involves the reversal of the reactivity of the C 1 of the tosyl derivative 10. Treatment of 10 with PhSH and KH afforded in quantitative yield the sul®de 16, which was oxidised to the sulfone 17 with MCPBA. The allylsulfone 18 was obtained by treating 17 with BuLi and HMPA in THF and then with allyl bromide. Desulfonylation of 18 with 6% Na±Hg in a Na 2 HPO 4 buffered solution yielded the allyl derivative 19, besides signi®cant amounts of the diene derived from the sulfone elimination (Scheme 3).
To prevent this problem an alternative route was established. This involves the introduction of the side chain oxygenated function, via epoxidation before reducing the sulfone group. Treatment of 18 with MCPBA at room temperature for 3 days yielded the epoxysulfone 20 as a diastereomeric mixture. The 1 H NMR spectrum of the crude shows signals due to three of the four possible isomers in a 3:1:1 ratio. These can be satisfactorily resolved by column chromatography. Treatment of 20 with LiAlH 4 under re¯ux allows the regioselective opening of the epoxide and simultaneous desulfonylation, affording the alcohol 21. This was oxidised with Jones reagent to give 22, which by treating with vinylmagnesium bromide gave 5, which consists almost exclusively of an epimer. The spectroscopic properties of this compound were identical to those reported for the natural sesquiterpene 4 (Scheme 3). 5 had been previously reported as an intermediate in the synthesis of farnesiferol C (1). 1 The synthesis of compounds 6 and 7 was planned through the cyclohexanol derivatives which result from the BBr 3 -mediated opening of the corresponding bicyclic ether (Scheme 4).
The synthesis of 6 was ®rst approached by condensation of a monocyclic synthon C 10 with an acyclic synthon C 5 . The elaboration of the C 10 moiety was carried out through electrophilic cyclization of 6,7-epoxygeranyl acetate (9), on the basis of previous studies by the present authors. 8 Scheme 5 depicts the ®rst synthetic approach using aldehyde 28 as the C 10 electrophile synthon. The ef®cient cyclization of 9 to 23 and subsequent opening of the bicyclic ether in anhydrous conditions, which has been improved, led to a mixture of regiosomers 24 and 25 (ratio 2:1), the combined yield being higher than 60%. After isolation of the exo isomer and protection of the secondary hydroxyl group, transformation of 26 into 28 was achieved under standard conditions. Nevertheless, all the attempts to condense this aldehyde with nucleophiles such as 2-oxopropylidentriphenylphosphorane were unsuccessful. This dif®culty has also been described in related structures, 10 and can be accounted for by considering the steric hindrance exerted on the aldehyde group by both the gem-dimethyl and the exocyclic double bond.
The sulfone 29 was therefore studied as a new C 10 nucleophilic synthon. This sulfone was formed starting from the bicyclic ether 17, which after treating with BBr 3 afforded a mixture of the regioisomers 29 and 31 (ratio 1:1), which were easily separated by column chromatography. After protecting the hydroxyl group of 29 as its t-butyldimethylsilylether, alkylation of the carbanion generated from 30 by treatment with butyllithium was attempted with a C 5 allylic bromide, the tetrahydropyranyl derivative of 4-bromo-3-methyl-2(E)-butenol. Unfortunately, the use of the monocarbocycle as the nucleophile did not lead to a successful reaction. In fact, at room temperature starting materials remained unaltered and only decomposition of the allylic derivative was observed after heating (Scheme 6).
This task could only be accomplished by treatment of the sulfone anion with the much more stable propylene oxide at 658C to give a b-hydroxysulfone which was converted into the ketone 34 following two alternative methods. The ®rst involves the reduction of the sulfone group with sodium amalgam and further oxidation of the hydroxyl group with Jones reagent. In the second method oxidation of the hydroxyl group was ®rst carried out, affording the ketosulfone 32, which was transformed into 34 by using a new methodology developed by the present authors. 11 Column chromatography on alumina of 32 yielded the a,b-unsaturated ketone 33, which was chemoselectively reduced with Raney Ni to give 34. This ketone afforded the allylic alcohol 35 after being exposed to vinylmagnesium bromide. 35 is a suitable intermediate for synthesizing (^)-farnesiferol B (3). 1 Acetate 36 underwent allylic rearrangement after treatment with palladium dichloride bis acetonitrile to afford the carbon skeleton of elegansidiol. Saponi®cation of the ester group and¯uoride-induced cleavage of the silyl ether completed the synthesis of 6, whose spectroscopic properties were identical to those of the natural product. 5 Sesquiterpene 7 was synthesised from sulfone 31, which was obtained as the sole product when the BBr 3 -induced opening of 17 was quenched with Et 3 N, following a similar procedure to the above described for elegansidiol (6) (Scheme 7). 44 could be easily converted into (^)-farnesiferol D (4).
1 At this time it should be pointed out that the side chain carbon of endocyclic isomer 31 seems to be less hindered than that of exocyclic compound 29. So, treatment of the mixture of anions derived from regioisomers 29±31 with allyl bromide afforded the alkylated endo-alkene, being 29 recovered unaltered. 44 was converted into the mixture of diastereomers 7 after removal of the tert-butyldimethylsilyl group and acetylation of the hydroxyl group. The spectroscopic properties of the major epimer were identical to those reported for the natural product.
Scheme 8 shows the synthetic sequence to 8. It is based on the surprising behaviour of bicyclic ether 46 towards BrB 3 , which underwent regioselective opening to give the cyclohexenol derivative 47. Oxidation at C 5 was carried out after protecting the hydroxyl group as a tert-buthyldimethylsilyl ether. Treatment of 48 with Na 2 CrO 4 yielded the enone 49. This compound is very reactive towards elimination processes. When it was treated with 2N KOH±MeOH at room temperature dienone 51 was obtained as the only product. Its 1 H NMR spectrum shows two doublets (J9.9 Hz) at d 6.19 and 6.72 due to the ole®nic protons. Oxidation of 51 with Jones reagent gave the diketone 52, which exhibited a simple spectrum. Treatment of 49 with K 2 CO 3 in MeOH afforded the alcohol 50, which was oxidized with the Jones reagent at 2158C to give the diketone 53. When 53 was treated with vinylmagnesium bromide in Et 2 O at 2158C the allylic alcohol 54 was obtained. Deprotection of the silyl ether with TBAF gave the diol 55, which after acetylation was converted into 8, obtained as a mixture of diastereomers. The spectroscopic properties of 8 were identical to those of an authentic sample (Scheme 8).
In summary the monocarbocyclic terpenoids, 5±8, have been synthesised from 6,7-epoxygeranyl acetate (9) . The key step in the synthesis of cyclohexenol derivatives, as 6±8, is the regioselective opening of the bicyclic ether with BBr 3 . The course of this reaction seems to depend on the nature of the ether side chain as well as on the base used to quench the reaction. Thus, bicyclic ethers having a polar group at the carbon adjacent to the ring give mixtures of triand disubstituted alkenes, when collidine is used as base; 8 the use of the less hindered Et 3 N affords the trisubstituted carbon±carbon double bond almost exclusively (Scheme 7). However, the tetrasubstituted alkene is obtained when the side chain is longer and the polar group is distant from the ring (Scheme 8).
Experimental
Melting points were determined with a Ko¯er hot stage melting point apparatus and are uncorrected. IR spectra were obtained on Perkin±Elmer Models 782 and 983G spectrometers with samples between sodium chloride plates or as potassium bromide pellets. Proton nuclear magnetic resonance spectra were taken on a Bruker AMX 300 (300 MHz), Bruker ARX 400 (400 MHz) and Bruker AMX 500 (500 MHz) spectrometers using CDCl 3 , and CD 3 COCD 3 as solvent and TMS or residual protic solvent CHCl 3 (d H 7.25 ppm) as internal reference, and the multiplicity of a signal is a singlet unless otherwise stated, when the following abbreviations are used: s, singlet; bs, broad singlet; d, doublet; bd, broad doublet; dd, double doublet; t, triplet; m, multiplet.
13 C NMR spectra were run on a Bruker AMX 300 (75 MHz), ARX 400 (100 MHz) and AMX 500 (125 MHz) instruments. Chemical shifts are in ppm (d scale) and the coupling constants are in Hertz. Carbon substitution degrees were established by DEPT pulse sequence. MS were recorded on a Hewlett±Packard 5988A spectrometer using an ionizing voltage of 70 eV. HRMS were obtained on a trisector WG AutoSpecQ spectrometer. For analytical TLC Merck silica gel 60G in 0.25 mm thick layers was used. Chromatographic separations were carried out by conventional column on Merck silica gel 60 (70±230 mesh) and by¯ash column on Merck silica gel 60 (230±400 mesh) using hexane±MeO 
2-(2
. To a stirred solution of 13 (1.125 g, 6.1 mmol) in THF (3 ml), pyridine (7 ml), dimethylamino pyridine (DMAP) (20 mg, 0.16 mmol) and TsCl (1.79 g, 8.65 mmol) were successively added at 258C and the mixture was stirred at this temperature for 2 h 30 min. At the end of this period a solution of lithium bromide (2.62 g, 30.5 mmol) in THF (26 ml) was added, and the mixture was heated at 608C for 2 h. After dilution with ether (100 ml), the mixture was successively washed with 5% NaHSO 4 solution, 5% NaHCO 3 solution, water, sat. NaCl and then dried. Concentration and chromatography (H±E 9:1) gave 1. H -trimethyl)cyclohexyl-2-butyne (15). A solution of lithium acetylide ethylenediamine complex (0.49 g, 5.08 mmol) in anhydrous DMSO (20 ml) was added to a solution of the bromide 14 (0.25 g, 1.02 mmol) in DMSO (20 ml). The whole was heated at 408C and stirred for 2 h 30 min, then it was quenched with water (20 ml), and stirred for an additional 10 min. The mixture was extracted with ether (25 ml£4) and the combined extracts were washed with sat. NaCl, dried, and concentrated to give after cromatography of the crude (H±E 7:3) 0. H -trimethyl) cyclohexyl-4-phenylsulphonyl-1-butene (18). n-Butyl lithium (2.26 M in hexane, 11.3 ml, 2.94 mmol) and 5.2 ml of HMPA, was added to a solution of 17 (0.83 g, 2.82 mmol) in 30 ml of THF at 2788C, and the whole mixture was slowly warmed to 08C and stirred for 1 h. A solution of allyl bromide (3.41 g, 0.028 mol) was added at 2788C to this mixture and stirred for 12 h. After addition of sat. NH 4 Cl the mixture was diluted with ether (100 ml), washed with 5% HCl, water, sat. NaHCO 3 , and sat. NaCl and the organic layer was dried. Concentration and chromatography (H±E 1:1) gave 0. H -trimethyl) cyclohexyl-2-butanone (22). A 3 M solution of Jones reagent (0.1 ml) was added dropwise to a stirred solution of 21 (0.35 g, 2 mmol) in acetone (15 ml) at 08C, and the mixture stirred at room temperature for 30 min. It was diluted with water (10 ml) and extracted with ether (3£20 ml). The combined layers were washed with sat. NaCl (5£20 ml) and dried. Concentration gave 0.31 g of 22 (89%) (colourless oil H -trimethyl) cyclohexyl-3-methyl-1-penten-3-ol (5). A 1 M solution of vinylmagnesium bromide in THF (0.95 ml) was added to a stirred solution of 22 (0.15 g, 0.63 mmol) in THF (4 ml) at 08C, and the whole was stirred at 108C for 20 min, and then quenched with sat. NH 4 Cl. The mixture was extracted with ether (3£15 ml) and the combined extracts were washed with sat. NaCl and dried. Concentration and column chromatography (hexane±ether, 7:3) gave 0.14 g of 5 (85%) (colourless oil 3-Acetyloxymethyl-2,2-dimethyl-4-methylenecyclohexanol (24) and 3-acetyloxymethyl-2,2,4-trimethylcyclohex-4-enol (25). To a stirred solution of 23 (1.27 g, 0.69 mmol) in dry CH 2 Cl 2 (100 ml) a solution of freshly distilled BBr 3 (1.62 g, 6.46 mmol) in dry CH 2 Cl 2 (25 ml) was added dropwise. After stirring at room temperature under nitrogen for 10 min, the mixture was added to a 1 M solution of distilled collidine in CH 2 Cl 2 (25 ml). The mixture was washed with 1 M HCl (3£50 ml) and saturated NaHCO 3 (3£50 ml). Organic layers were dried over anh. Na 2 SO 4 and evaporated affording a crude (1.10 g), which after column chromatography (H±E 1:1) yielded 0.91 g (72%) of a mixture of regioisomers 24and 25 (ratio 2:1 (26) . To a solution of 25 (0.38 g, 1.77 mmol) in dry CH 2 Cl 2 (10 ml) was added a solution of freshly prepared pyridinium p-toluenesulphonate (PPTS) (45 mg, 0.177 mmol) in dry CH 2 Cl 2 (7 ml) and then dihydropyran (DHP) (0.22 g, 2.65 mmol) and the mixture was stirred at room temperature for 5 h 30 min under argon. After evaporating the solvent the residue was diluted with Et 2 O (60 ml) and the organic phase was washed with brine (3£25 ml), dried over anh. Na 2 SO 4 and evaporated to yield a crude (0.54 g), which after column chromatography (H±E 9 H -methylene)-cyclohexylmethanol (27). 3N KOH in MeOH (8 ml) was added to a solution of 26 (0.36 g, 1.21 mmol) in MeOH (15 ml) and the mixture was re¯uxed for 2 h. After evaporation of the solvent the crude was dissolved in Et 2 O (60 ml) and the organic phase was washed with H 2 O (4£30 ml), dried over anh. Na 2 SO 4 and evaporated to yield a crude (0.3 g), which was chromatographed on silica gel (H±E 6:4) to give 27 (0.27 g, 91%) as a colourless oil. IR (®lm): 3449, 1645, 117, 814 cm 
Treatment of 28 with 2-oxopropylidenetriphenylphosphorane
A mixture of 28 (0.4 g, 1.6 mmol) and the phosphorane (0.57 g, 1.8 mmol) was re¯uxed in toluene (15 ml) overnight. After cooling the mixture was passed through a silicagel column, and the eluate was evaporated affording compound 26 unaltered.
Treatment of 17 with BBr 3
Synthesis of 2,2-dimethyl-4-methylene-3-phenylsulphonylmethylcyclohexanol (29) and 2,2,4-trimethyl-3-phenylsulphonylmethylcyclohex-4-enol (31). To a stirred solution of 17 (0.5 g, 1.7 mmol) in dry CH 2 Cl 2 a solution of BBr 3 (0.52 g, 2.4 mmol) in CH 2 Cl 2 (4 ml) was added dropwise. After stirring at room temperature under argon for 15 min, the mixture was added to a 1 M solution of collidine in CH 2 Cl 2 (5 ml), diluted with CHCl 3 (75 ml) and successively washed with 5% NaHSO 4 (4£25 ml), 5% NaHCO 3 (3£25 ml) and brine (4£25 ml). The organic phase was dried over anh. Na 2 SO 4 and the solvent evaporated to afford a crude that by column chromatography (MeOH±E 1:9) gave 29 (0.20 g) and 31 0.21 g) (82% 
H -methylene)cyclohexylmethyl phenyl sulphone (30). tert-Butyldimethylsilyl chloride (1.08 g, 7.2 mmol) and imidazole (0.5 g, 7.3 mmol) were added to a solution of 29 (1.32 g, 4.5 mmol) in DMF (15 ml) and the mixture was stirred for 10 h at room temperature. Then it was fractionated in ether (100 ml)±brine (100 ml), and the organic phase was washed with 1N HCl (3£25 ml), 5% NaHCO 3 (3£25 ml) and brine (4£25 ml). The ethereal solution was dried over anh. Na 2 and HMPA (1.3 ml) in dry THF at 2788C and the mixture was allowed to warm to 08C and further stirred for 1 h. Then a solution of the allylic bromide (0.80 g, 3.23 mmol) in dry THF (5 ml) was added and the mixture was stirred at room temperature for 12 h. It was diluted with ether (100 ml) and the organic phase was washed with 1 M HCl (3£25 ml), 5% NaHCO 3 (3£25 ml) and brine (3£50 ml), and dried over anh. Na 2 SO 4 and evaporated, affording a residue which consists of unaltered starting materials.
Synthesis of 4-(3
H -tert-butyldimethylsilyloxy-2,2 H -dimethyl-6
H -methylene)cyclohexyl-2-butanone (34) from 30. Method A: To a solution of n-butyllithium (1.8 M in hexane, 1.5 ml, 2.8 mmol) in THF (10 ml) cooled at 08 was added HMPA (3 ml) and then a solution of sulphone 30 (0.99 g, 2.42 mmol) in THF (20 ml) under argon atmosphere. The mixture was stirred for 30 min at 08C and it was allowed to warm to room temperature and stirred for 45 min. Then 0.5 ml (7.26 mmol) of propylene oxide was added, the mixture stirred at the same temperature for 1 h and further heated at 658 for an additional 45 min. Then sat. aqueous NH 4 Cl (3 ml) and ether (100 ml) was added and the organic solution was successively washed with 2N HCl (3£30 ml) and brine (3£50 ml), dried over anh. Na 2 SO 4 and the solvent evaporated to afford 0.85 g of crude.
6% Na±Hg (0.79 g, 2.1 mmol) was added under argon to a solution of the above crude (0.25 g) and disodium hydrogen phosphate (0.29 g, 2.1 mmol) in EtOH cooled at 2108. The mixture was stirred under re¯ux for 4 h, and then sat. aqueous NH 4 Cl (20 ml) was added and the mixture extracted with OEt 2 (3£30 ml). The organic phase was washed with sat. aqueous NaHCO 3 (3£30 ml) and H 2 O (3£40 ml), dried over anh. Na 2 SO 4 and evaporated to give 150 mg of crude.
Jones reagent (0.03 ml) was added to a solution of the crude (0.15 g, 0.46 mmol) in acetone (7 ml) cooled at 08C and the mixture was stirred at this temperature for 30 min. H 2 O (5 ml) was added and the mixture was extracted with OEt 2 (3£30 ml). The organic phase was washed with brine (3£30 ml), dried over anh. Na 2 SO 4 and the solvent evaporated to give 140 mg of methylketone 34 (95%).
H -methylene)cyclohexyl-4-phenylsulphonyl-2-butanone (32). Jones reagent (0.02 ml) was added to a solution of the crude (0.1 g, 0.21 mmol), resulting of the reaction of anion derived from 30 with propylene oxide, in acetone (5 ml) cooled at 08, and the mixture was stirred at this temperature for 20 min. Following the same procedure described for the synthesis of 34, 95 mg of sulphonylketone 32 (95%) was obtained as a colourless oil. IR 
4-(3
H -tert-Butyldimethylsilyloxy-2,2 H -dimethyl-6 H -methylene)cyclohexyl-3-buten-2-one (33). Aluminium oxide (10 g, 9.8 mmol) was added to a solution of 32 (0.15 g, 0.32 mmol) in THF (15 ml) and the mixture was stirred for 2 h. Then it was ®ltered and the solvent was evaporated, affording 0.095 g (95%) of 33 (colourless oil 
H -tert-Butyldimethylsilyloxy-2,2 H -dimethyl-6 H -methylene)cyclohexyl-2-butanone (34). 1.4 g of an aqueous suspension of Raney Nickel was added to a stirred solution of 33 (0.15 g, 0.465 mmol) in THF (6 ml) and the mixture was further stirred at room temperature for 30 min. Then it was diluted with OEt 2 and ®ltered through silicagel and the solvent was evaporated to yield 0. 
H -tert-Butyldimethylsilyloxy-2,2 H -dimethyl-6 H -methylene)cyclohexyl-3-methyl-1-penten-3-ol (35). 1 M vinylmagnesium bromide in THF (1 ml) was added to a solution of 34 (0.3 g, 0.926 mmol) in THF (20 ml) at 08C and the mixture was stirred at this temperature for 30 min; then sat. NH 4 Cl solution (1 ml) was added and the mixture was diluted with OEt 2 (50 ml). The organic phase was washed with H 2 O (3£30 ml), brine (3£30 ml), dried over anh. Na 2 SO 4 and the solvent evaporated to give a residue, which was chromatographed on silicagel (H±E 8:2) affording 0.31 g (95%) of 35 (colourless oil). IR (®lm): 2955, 2925, 1653, 1558, 1541, 1508, 885, 833 cm 21 .
